To determine flowering time, plants perceive multiple environmental stimuli and integrate these signals in the regulation of a florigen gene, FLOWERING LOCUS T (FT). It has been known that nutrient availability affects flowering time in both laboratories and fields. Nitrogen (N), phosphorus (P) and potassium (K) are the three major macronutrients which are important for plant growth and development. Although N and P stimuli can alter the expression of regulators of FT including microRNA156 (miR156) and miR156-targeted transcription factors of the SQUAMOSA PROMOTER BINDING PROTEIN-LIKE (SPL) family, how K + conditions affect flowering is still unclear. We focused on SODIUM POTASSUIM ROOT DEFECTIVE1 (NaKR1) whose mutant plants showed Na + and K + overaccumulation and late flowering. It was reported that NaKR1 is involved in the phloem transport of FT protein. Here we report that NaKR1 is also required for the promotion of FT expression in longday conditions. NaKR1 affects the accumulation of miR156 and SPL3 expression, suggesting that NaKR1 regulates FT expression in part through the miR156-SPL3 module. The late-flowering phenotype of the nakr1-1 mutant was partially suppressed under low K + conditions, and miR156 abundance and SPL3 expression in the nakr1-1 mutant and, to a lesser extent, in wild-type plants responded to K + conditions. Taken together, our findings suggest that the miR156-SPL3 module mediates regulation of FT expression by NaKR1 in response to K + conditions. Finally, we propose a model in which NaKR1 plays dual roles in regulation of flowering, one in the regulation of florigen production, the other in that of florigen transport.
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Introduction
Soil conditions and availability of nutrients, such as nitrogen (N), phosphorus (P) and potassium (K), are critical determinants of plant growth, development, morphology and reproduction. Among 17 essential elements required for the completion of the plant life cycle, K + is the most abundant cation in living plant cells, and it plays an important role in many processes, including osmoregulation, membrane transport, enzyme activation and transport of other nutrients such as nitrate and sugar (Clarkson and Hanson 1980 , Marschner 2011 , Wang and Wu 2013 . Flowering, the transition from vegetative to reproductive phase, is a critical developmental event in the plant life cycle, because its timing directly affects reproductive success through seed production. For this reason, plants perceive and integrate multiple environmental and internal cues to decide the timing of floral transition. Osmotic stress as well as N and sugar metabolism are among such cues (May et al. 2013 , Wahl et al. 2013 , Cui et al. 2014 . Because K is a major mineral nutrient, it is likely that external K + abundance and/or internal K + conditions also constitute important cues in the regulation of floral transition.
In Arabidopsis thaliana, environmental and internal signals are mainly integrated in the transcriptional regulation of the FLOWERING LOCUS T (FT) gene for flowering (Andrés and Coupland 2012) . FT protein acts as the florigen, which is produced in the phloem companion cells of mature leaves and is then transported to the shoot apical meristem, where it regulates expression of floral meristem identity genes, such as APETALA1 (AP1), with a bZIP transcription factor (TF) FD (Kardailsky et al. 1999 , Kobayashi et al. 1999 , Wigge et al. 2005 , Corbesier et al. 2007 , Notaguchi et al. 2008 , Yoo et al. 2013 . Several factors represent key nodes in the regulation of FT expression. A B-box zinc-finger protein CONSTANS (CO) plays a central role in the photoperiod pathway, and its transcriptional and post-translational regulation are important for seasonal and diurnal regulation of FT expression (Andrés and Coupland 2012, Shim et al. 2017) . A MADSbox TF, FLOWERING LOCUS C (FLC), whose expression is regulated by the autonomous and vernalization pathways, acts as a floral repressor, which negatively regulates expression of FT in leaves and FD in the shoot apical meristem (Searle et al. 2006, Hepworth and Dean 2015) . MicroRNA156 (miR156) plays a key role in the age-dependent pathway. The abundance of miR156 decreases, while the mRNA levels of its target genes, which encode TFs of the SQUAMOSA PROMOTER BINDING PROTEIN-LIKE (SPL) family, increase as plants age (Wu and Poethig 2006 , Wang, 2014 , Teotia and Tang 2015 . In Arabidopsis, miR156 regulates 11 of 17 SPL family genes, of which SPL3 and SPL9 are expressed in leaves under long-day (LD) conditions (Teotia and Tang 2015, Xu et al. 2016b) . SPL3 protein directly binds to the FT promoter and promotes its expression in the phloem companion cells in leaves , Kim et al. 2012 . SPL9 also regulates FT expression through the transcriptional regulation of microRNA172 and thereby its target genes, APETALA2 (AP2)-like TF genes such as TARGET OF EAT1 (TOE1), TARGET OF EAT2 (TOE2), SCHLAFMÜ TZE (SMZ) and SCHNARCHZAPFEN (SNZ), which are negative regulators of FT expression (Wang, 2014, Teotia and Tang 2015) . Thus, miR156 and its targets, SPL3 and SPL9, constitute an important module (hereafter referred to as the miR156-SPL module) for regulation of FT expression.
Nitrogen and phosphate availability and sugar metabolism affect the expression of CO, FLC and genes of the miR156-SPL module, to regulate flowering in response to the nutrient conditions (Hsieh et al. 2009 , Pant et al. 2009 , May et al. 2013 , Wahl et al. 2013 , Vidal et al. 2014 , Kazan and Lyons 2016 , Lei et al. 2016 . In Arabidopsis, it has been reported that a loss-of-function mutant of AKT2/3, which encodes a phloem-specific potassium channel, displays an altered flowering-time phenotype, suggesting that K + availability, like that of N and P, affects flowering (Deeken et al. 2002 , Held et al. 2011 . However, the underlying molecular mechanisms remain to be elucidated.
In this study, we focused on SODIUM POTASSIUM ROOT DEFECTIVE1 (NaKR1), which encodes a heavy metal-binding protein and is expressed in phloem companion cells. The loss-of-function mutant nakr1-1 shows pleiotropic phenotypes such as overaccumulation of Na + and K + in the shoot, decreased transport of sucrose and severely delayed flowering under LD conditions (Zhang et al. 2008 , Tian et al. 2010 , Zhu et al. 2016 . Recently, it was reported that NaKR1 protein interacts with FT and regulates FT transport in the sieve element (Zhu et al. 2016) . Our study shows that NaKR1 also plays an important role in the regulation of FT expression under LD conditions, and it is in part through the regulation of the miR156-SPL3 module in response to K + conditions. Based on these findings and previous work (Zhu et al. 2016) , we propose a model in which NaKR1 plays dual roles in regulation of florigen, namely in its production and transport.
Results
NaKR1 controls flowering through transcriptional regulation of FT It was reported that NaKR1 protein affects flowering through regulation of FT protein movement under LD conditions (Zhu et al. 2016 ). However, because it was difficult to detect a strong impact of the nakr1-1 mutation on the long-distance action of FT in our experimental conditions (see the Discussion), and Zhu et al. (2016) reported decreased FT expression in nakr1-1 plants, we hypothesized that NaKR1 also plays an important role in the regulation of FT expression to modulate the flowering time. To test this hypothesis, we first compared the levels of FT expression between the wild type (WT) and an nakr1-1 mutant. FT expression was induced during the daytime with a peak at dusk under LD conditions in the WT (Fig. 1A) . In nakr1-1 plants, FT expression was severely decreased, indicating the involvement of NaKR1 in the induction of FT expression under LD conditions. To examine spatial patterns of expression in detail, we generated transgenic plants expressing b-glucuronidase (GUS) under the control of the genomic regulatory sequences of FT (gFT:GUS; Notaguchi et al. 2008 ) in the nakr1-1 background. Consistent with the results of the quantitative reverse transcription-PCR (RT-qPCR) analysis described above, expression of gFT:GUS was decreased especially in mature leaves in nakr1-1 ( Supplementary Fig. S1 ). TWIN SISTER OF FT (TSF) is the closest homolog of FT and acts as a floral pathway integrator acting redundantly with FT , Hiraoka et al. 2013 , Jin et al. 2015 . To determine the genetic relationships between NaKR1 and the two florigen genes (FT and TSF), we generated ft-2; nakr1-1 double-and ft-2; nakr1-1; tsf-1 triple-mutant plants and examined their flowering time. Under LD conditions, ft-2 and nakr1-1 single mutant and ft-2; nakr1-1 double mutant plants flowered at similar leaf numbers, and ft-2; nakr1-1; tsf-1 triple mutants flowered only marginally later than did ft-2; tsf-1 plants (Fig. 1B) . In contrast, nakr1-1, ft-2; nakr1-1 and ft-2; nakr1-1; tsf-1 did not affect the flowering time under shortday (SD) conditions ( Supplementary Fig. S2 ). These results indicate that NaKR1 functions in the same pathway as FT and TSF, and regulates flowering under LD conditions. We evaluated the importance of transcriptional regulation of FT by NaKR1; to that end, we expressed a T7-tagged FT (FT-T7) protein in nakr1-1 under the control of the phloem companion cell-specific SULFATE TRANSPORTER1;3 (SULTR1;3) promoter (Yoshimoto et al. 2003 , Abe et al. 2015 . The SULTR1;3:FT-T7 transgene fully rescued the late-flowering phenotype of nakr1-1 (Fig. 1C) . Based on these results, we concluded that NaKR1 regulates flowering by promoting FT expression, in addition to its role in the long-distance transport of FT protein.
NaKR1 does not act through transcriptional regulation of CO, FE or FLC FT expression is regulated by multiple pathways to integrate many environmental inputs. Since nakr1-1 showed a late-flowering phenotype under LD conditions, we first focused on the components of the photoperiod pathway. In the photoperiod pathway, CO protein induces FT expression in the phloem companion cells under LD conditions (Andrés and Coupland 2012, Song et al. 2013) . Hence, we examined CO expression in nakr1-1 plants ( Fig. 2A) . No significant difference was found in the level and temporal profile of CO expression between the WT and nakr1-1, indicating that NaKR1 does not act through the transcriptional regulation of CO. Post-translational regulation of CO protein is also important for the LD-dependent transcription of FT (Valverde et al. 2004 , Andrés and Coupland 2012 , Song et al. 2013 . To test whether NaKR1 is involved in the post-translational regulation of CO, we examined the effect of nakr1-1 on the early-flowering phenotype of transgenic plants overexpressing CO under the control of the Cauliflower mosaic virus 35S RNA promoter (35S) (Fig. 2B ). No significant difference in flowering time was observed between 35S:CO and 35S:CO; nakr1-1 plants, indicating that NaKR1 does not act through the post-translational regulation of CO, either. FE/ALTERED PHLOEM DEVELOPMENT (FE/APL; Bonke et al. 2003 , Abe et al. 2015 ) is a Myb TF which regulates transcription of both FT and FT-INTERACTING PROTEIN 1 (FTIP1) involved in FT protein transport (Abe et al. 2015) . FE expression was not affected in nakr1-1 ( Supplementary Fig. S3 ), indicating again that NaKR1 does not act through transcriptional regulation of FE.
Various pathways including the vernalization pathway and nutrient-related pathways are integrated at the regulation of expression of a floral repressor FLC which prevents CO from activating FT transcription (Searle et al. 2006 , Kant et al. 2011 . In previous studies, it was reported that the late-flowering phenotype of nakr1-1 was suppressed by the vernalization treatment, whose main regulatory target is FLC (Tian et al. 2010 , Zhu et al. 2016 ). Hence, we tested whether NaKR1 acts through regulation of FLC. We first analyzed the genetic relationship between NaKR1 and FLC. An increase in the FLC mRNA level was not observed in nakr1-1, while it was clearly observed in an autonomous pathway mutant, fca-9 (Fig. 2C) . Consistent with this observation, the flowering time of the flc-3; nakr1-1 double mutant was only slightly earlier than that of nakr1-1, indicating the additive effect of the two mutations (Fig. 2D) . Furthermore, the late-flowering phenotype of nakr1-1 was only weakly attenuated by the vernalization treatment, whereas that of fca-9 was strongly suppressed ( Supplementary Fig. S4 ). These observations indicate that NaKR1 does not act through transcriptional regulation of FLC.
NaKR1 regulates FT expression through the miR156-SPL3 module
We next examined whether NaKR1 regulates flowering through SPL genes. It has been reported that SPL3 regulates FT expression by directly binding to the FT promoter (Kim et al. 2012) , and SPL9 regulates FT expression through the transcriptional regulation of the genes for AP2-like TFs, such as TOE1, TOE2, SMZ and SNZ (Aukerman and Sakai 2003 , Jung et al. 2007 , Mathieu et al. 2009 , Wu et al. 2009 , Yant et al. 2010 , Zhang et al. 2015 . SPL3 and SPL9 are expressed in mature leaves under LD conditions, while expression of their paralogous genes, such as SPL4, SPL5 and SPL15, in leaves is not so prominent (Xu et al. 2016b ). Hence, we compared expression of SPL3, SPL9 and four AP2-like TF genes between WT and nakr1-1 plants ( Fig. 3A ; Supplementary Fig. S5 ). Among them, SPL3 expression at dawn was severely reduced in nakr1-1 (Fig. 3A) . In contrast, SPL9 expression was affected by the nakr1-1 mutation to a lesser extent ( Supplementary Fig. S5 ). Consistent with this observation, expression levels of the AP2-like TF genes TOE1, TOE2, SMZ and SNZ were not increased in nakr1-1 mutant plants ( Supplementary Fig. S5 ). These results indicated that NaKR1 is mainly involved in the regulation of SPL3 expression. The SPL3 transcript level is regulated by miR156 Poethig 2006, Wang et al. 2009 ). Hence, we next examined the diurnal change of mature miR156 levels ( Supplementary Fig. S6 ). Consistent with the SPL3 expression pattern (Fig. 3A) , increased abundance of miR156 was observed at Zeitgeber time (ZT) 0 and ZT20 in nakr1-1 compared with the WT. To investigate further whether NaKR1 regulates FT expression through SPL3, we generated 35S:SPL3r; nakr1-1 plants, which express an miR156-resistant SPL3 (SPL3r) under the control of the 35S promoter, and examined FT expression in them (Fig. 3B) . The FT expression level in 35S:SPL3r; nakr1-1 was much higher than that in nakr1-1, although it was not as high as in the WT. Consistent with this observation, 35S:SPL3r; nakr1-1 plants showed much earlier flowering compared with nakr1-1, although they flowered slightly later than 35S:SPL3r plants. (Fig. 3C) . These results suggest that NaKR1 regulates FT expression at least in part through the transcriptional regulation of miR156 and SPL3. The decrease of miR156 level with plant age is accompanied by an increase of SPL3 mRNA level , Wu et al. 2009 ). To test if NaKR1 is involved in the age-dependent pathway, mature miR156 levels during plant growth were compared between WT and nakr1-1 plants (Fig. 3D) . nakr1-1 plants had higher miR156 levels than the WT at all of the three stages examined, while the age-dependent decrease of miR156 accumulation was still clearly observed. In parallel with the decrease in miR156 levels, a commensurate increase of SPL3 expression with age was clearly observed in both the WT and nakr1-1 (Fig. 3E) , suggesting that the age-dependent SPL3 regulation is not perturbed in the nakr1-1 background. SPL3 expression in nakr1-1 was lower than in the WT at each of the three ages of plants examined under LD conditions. In contrast, SPL3 expression levels were comparable between the WT and nakr1-1 in 30-day-old plants under SD conditions ( Supplementary Fig. S7 ). This observation is consistent with their flowering-time phenotype under SD conditions ( Supplementary Fig. S2 ). These results suggest that NaKR1 regulates FT expression through the miR156-SPL3 module, possibly independently of the age-dependent pathway.
K
+ conditions affect FT expression and flowering time in nakr1-1
Since nakr1-1 mutant plants overaccumulate Na + and K + , and are defective in sugar translocation (Zhang et al. 2008 , Tian et al. 2010 , Zhu et al. 2016 , we hypothesized that the disturbance of homeostasis of these mineral nutrients is responsible for the late-flowering phenotype of nakr1-1. To test this hypothesis, we first examined whether K + conditions affect flowering in nakr1-1. The WT and nakr1-1 were cultured on half-strength (1/2) Murashige and Skoog (MS) medium with various K + concentrations in a large container, and their flowering time was examined (Fig. 4) . The 1/2 MS medium contains about 10 mM K + , and in this condition nakr1-1 displayed a severe late-flowering phenotype compared with the WT. Under a lower K + condition (0.5 mM), the late-flowering phenotype of nakr1-1 was partially suppressed, while the flowering time of the WT was not affected. At a higher K + condition (50 mM), flowering was significantly delayed in the WT and nakr1-1. Consistent with the flowering time, RT-qPCR analysis showed that a floral meristem identity gene AP1 was up-regulated in 24-and 28-day-old nakr1-1 plants grown in the 0.5 mM K + condition, while no AP1 up-regulation was observed in the 10 mM condition (Fig. 5A) . Accordingly, FT expression was also up-regulated under the 0.5 mM K + condition compared with the 10 mM K + condition at 20 and 24 d (Fig. 5B) . Analysis of GUS expression in gFT:GUS; nakr1-1 showed that FT expression in mature leaves was restored under the 0.5 mM K + condition ( Supplementary  Fig. S8 ). These results suggest that external K + conditions affect flowering and that K + overaccumulation may be responsible for the reduced FT expression and delayed flowering in nakr1-1. Both the WT and nakr1-1 showed a similar response to the addition of 50 mM NaCl in the media by delayed flowering ( Supplementary Fig. S9 ), suggesting that Na + overaccumulation is unlikely to be the main cause of the late-flowering phenotype in nakr1-1.
It has been shown that sucrose levels are reduced in the shoot apical region of nakr1-1 plants (Zhu et al. 2016) , and that the trehalose-6-phosphate (T6P) concentration is correlated with the sugar accumulation and affects flowering (Wahl et al. 2013) . Hence, to investigate the possible involvement of NaKR1 in the T6P signaling in the shoot apical region, we examined TREHALOSE-6-PHOSPHATE SYNTHASE 1 (TPS1) expression levels and miR156 accumulation levels in the shoot apex of the WT and nakr1-1 (Supplementary Fig. S10 ). No difference in miR156 and TPS1 levels was observed between the WT and nakr1-1. Thus, it is unlikely that the defect in sugar translocation in nakr1-1 affects flowering through T6P signaling.
Taken together, physiological and molecular data suggest that K + conditions affect flowering and that the disturbance of K + homeostasis in nakr1-1 may be the main cause of reduced FT expression and delayed flowering.
The miR156-SPL3 module responds to K
+ conditions
The results presented above suggest that NaKR1 regulates FT through the miR156-SPL3 module, and K + conditions affect the FT expression level and flowering. Recent studies showed that in addition to plant age, the miR156-SPL module responds to nutrient conditions such as N, phosphate and carbon availability and the abundance of sodium (Hsieh et al. 2009 , Pant et al. 2009 , May et al. 2013 , Wahl et al. 2013 , Cui et al. 2014 , Vidal et al. 2014 , Lei et al. 2016 . Hence, we hypothesized that the miR156-SPL3 module also mediates signaling from K + conditions to regulate FT expression. To investigate the relationship between SPL3 and regulation of flowering in response to K + conditions, we compared the flowering time of 35S:SPL3r and 35S:SPL3r; nakr1-1 plants grown under various K + conditions. As described above, the severe reduction of the FT expression level and late-flowering phenotype of nakr1-1 were partially suppressed under a lower K + condition, while at a higher K + condition flowering was delayed in both the WT and nakr1-1 (Fig. 4, solid bars) . In contrast, the flowering time of 35S:SPL3r and 35S:SPL3r; nakr1-1 was less sensitive to changes of the K + concentration (Fig. 4 , cross-hatched bars). These observations support the notion that K + conditions affect flowering through changes of SPL3 expression. We next examined SPL3 expression in nakr1-1 under 0.5 and 10 mM K + conditions (Fig. 5C) . Up-regulation of SPL3 with age and in response to the K + condition was observed. Under a lower (0.5 mM) K + condition, the SPL3 mRNA level increased earlier than in the control (10 mM) condition. We then examined miR156 accumulation in nakr1-1 under the same conditions (Fig. 5D ). In accordance with SPL3 levels, miR156 accumulation was decreased in nakr1-1 grown under a lower K + condition in plants at younger stages. Similar changes of SPL3 and miR156 levels in response to K + conditions were also observed in the WT (Supplementary Fig. S11 ). These results taken together suggest that the miR156-SPL3 module can respond to changes in K + concentration in soil.
Discussion
In this study, through molecular and genetic analyses, we showed that NaKR1 regulates FT expression and that this is in part through the miR156-SPL3 module in response to potassium conditions. Recently it was reported that NaKR1 protein regulates the long-distance movement of FT protein in the sieve tube (Zhu et al. 2016) . Based on this, together with our findings, we propose a model in which NaKR1 plays dual roles in regulation of flowering, one in the regulation of florigen production and the other in that of florigen transport (Fig. 6) . Interestingly, a Myb TF, FE, plays dual roles in flowering in a similar manner (Abe et al. 2015) . FE activates transcription of FT and FTIP1, which encodes an endoplasmic reticulum-localized protein involved in FT transport from the companion cells to sieve elements (Liu et al. 2012) , thereby promoting both production and transport of florigen. A recent study further showed that FE also activates transcription of NaKR1 in the leaf vasculature (Shibuta and Abe 2017) . It has been suggested that the efficiency of FT transport may affect FT expression through a negative feedback loop (Corbesier et al. 2007 , Liu et al. 2012 , illuminating the importance of a mechanism to link the production and transport of florigen. FE and NaKR1 may constitute such a regulatory module, which ensures the coordinated production and transport of florigen (Fig. 6) . In a previous study, Zhu et al. (2016) observed a reduction of the FT expression level in nakr1-1 plants, but the role of NaKR1 in the regulation of FT expression was not fully explored. Our study showed that FT expression was severely decreased in nakr1-1 plants, and restoration of FT expression by a SULTR1;3:FT-T7 transgene could fully rescue the late-flowering phenotype of nakr1-1, confirming that NaKR1 plays an important role in the promotion of FT expression in addition to its role in transport of FT protein (Fig. 1A, C) . Our experiments using the SULTR1;3:FT-T7 transgene also served to evaluate the capacity of FT for the long-distance action in nakr1-1. However, we did not observe a significant effect of nakr1-1, indicating a limited impact of the loss of the NaKR1 function on the transport of FT-T7 protein (Fig. 1C) . This finding is consistent with observations by Zhu et al. (2016) who demonstrated that nakr1-1 exhibited a clearer transport defect for a large green fluorescent protein (GFP)-tagged FT than for the intact FT or FT with a smaller tag.
The fact that FT expression under LD conditions is severely reduced in nakr1-1 implies an important role for NaKR1 in the photoperiod pathway. This is in part mediated through the miR156-SPL3 module (discussed below). However, because the 35S:SPL3r transgene cannot fully restore the reduced FT expression in nakr1-1 (Fig. 3B) , there should be another module through which NaKR1 exerts its effect on FT expression in the photoperiod pathway. The most likely one is the FE-CO module (Abe et al. 2015, Shibuta and Abe 2017) . However, since CO and FE mRNA levels were not affected in nakr1-1 ( Fig. 2A ; Supplementary Fig. S3 ), and nakr1-1 had little effect on the early-flowering phenotype of 35S:CO, it is unlikely that NaKR1 acts through either transcriptional regulation of these TFs or regulation of CO protein stability and/or activity. How NaKR1 is involved in regulation of FT by the FE-CO module remains to be elucidated.
The miR156-SPL module is well known as a main component of the age-dependent pathway of flowering Abe 2012, Wang 2014) . Recent studies have shown that, besides plant age, multiple environmental inputs, including soil conditions, such as drought, salinity, N and phosphate availability, regulate miR156 expression and accumulation, and that To shoot apex sink tissues Fig. 6 NaKR1 plays dual roles in regulation of florigen production and transport in control of flowering. NaKR1 in a phloem companion cell regulates flowering through production (blue arrows) and transport (magenta arrows) of florigen (FT protein) under LD conditions. NaKR1 regulates FT expression at least partly through the miR156-SPL3 module which responds to K + conditions (designated as [K + ]). This is achieved through regulation of K + conditions by recycling of K + via the phloem (double-headed arrow) (Tian etal. 2010) . NaKR1 may also act through the CO-FE module of the photoperiod pathway, although it is not involved in transcriptional regulation of CO and FE or regulation of CO protein stability. NaKR1 protein interacts with FT in the sieve element and regulates FT transport (Zhu etal. 2016) . Since the osmotic pressure gradient of sucrose is the basis for the phloem stream, NaKR1 may also contribute to FT transport through its effect on sucrose concentration in the phloem, which may be influenced by K
+ conditions (open white arrow) (Deeken etal. 2002 , Tian etal. 2010 ). FE, a Myb TF, plays dual roles in a similar manner (Abe etal. 2015, Shibuta and Abe 2017) . FE with CO activates FT expression. FE also regulates expression of FTIP1, which encodes an endoplasmic reticulum-localized protein involved in uploading FT protein from the companion cell to the sieve element. FE also acts through regulation of NaKR1, further promoting production and transport of florigen indirectly. Arrows with a filled triangular head, transcriptional activation; T-bar, repression. Dashed arrows, movement; solid arrows, regulation. Names in boxes: flowering pathways. Black lines between CO-FE and FT-NaKR1 indicate protein interactions. the miR156-SPL module is involved in diverse developmental processes other than flowering (Kim et al. 2012 , May et al. 2013 , Wahl et al. 2013 , Cui et al. 2014 , Stief et al. 2014 , Xie et al. 2017 ). In addition to N and phosphate, our study showed that miR156 and SPL3 levels respond to potassium conditions in the nakr1-1 mutant and, although to a lesser extent, in WT plants as well ( Fig. 5; Supplementary Fig. S11 ). These in turn regulate FT expression and flowering time (Figs. 4, 5; Wang et al. 2009 , Kim et al. 2012 ). SPL3 and FT have been shown to regulate each other's expression. SPL3 directly regulates FT expression in the phloem companion cells of leaves, whereas SPL3 expression is regulated by the FT-FD complex in the shoot apical meristem where SPL3 protein in turn interacts with FD protein to activate floral meristem identity genes , Kim et al. 2012 , Jung et al. 2016 . NaKR1 is required for K + recycling via the phloem, and nakr1-1 shows an increased K + accumulation in the source leaves (Tian et al. 2010) . GUS-reporter analysis showed that the reduction of FT expression in nakr1-1 plants was observed mainly in mature leaves, and it was restored under low K + conditions ( Supplementary Figs. S1, S8 ). Taken together, these observations suggested that the regulation of the miR156-SPL3 module in response to K + conditions mainly occurs in mature source leaves, possibly through NaKR1 function. Recently, molecular mechanisms of the age-dependent decrease of miR156 expression through transcriptional and epigenetic regulation were reported (Xu et al. 2016a , Guo et al. 2017 . In contrast, the molecular mechanism underlying regulation of miR156 levels in response to nutrient signaling remains unknown. Further investigation of this pathway should provide a better understanding of the plant strategy to adapt to the environmental conditions and co-ordinate the relationship between age-dependent development and nutrient conditions. In agricultural practice, N, P and K are known as the three major elements to be supplied as fertilizers, and the status of these nutrients is important for productivity. Taken together with previous studies, our work suggests that the miR156-SPL module is able to respond to all these mineral nutrients. Further studies will improve our understanding of nutritional regulation of flowering, which will help us to achieve sustainable agriculture.
Materials and Methods

Plant materials and growth conditions
Arabidopsis thaliana L. Columbia-0 line was used as the WT for all experiments. Previously published plant materials in the Columbia-0 background used in this work are as follows: gFT:GUS (Notaguchi et al. 2008 ), SULTR1;3:FT-T7; ft-1 (Abe et al. 2015) , fca-9 (Chou and Yang 1999, Page et al. 1999) , flc-3 (Michaels and Amasino 1999), ft-2 (Imura et al. 2012) , nakr1-1 (Tian et al. 2010 ) and tsf-1 . 35S:CO and 35S:SPL3r (see below for the transgene construction) were generated in this study. Growth media with different K + concentrations were made by modification of 1/2 MS medium. 1/2 MS medium contains about 10 mM potassium (9.4 mM KNO 3 , 0.6 mM KH 2 PO 4 and 5 nM KI). ) conditions. Flowering time was measured by scoring the number of leaves (Koornneef et al. 1991 
Plasmid construction and plant transformation
To construct 35S:CO, the open reading frame of CO was PCR amplified and cloned into pPZP211/35S-nosT that contains the 35S promoter and NOS terminator (Nishimura et al. 2003) . To construct 35S:SPL3r, the coding region of SPL3 without the 3'-untranslated region that contains an miR156-binding site (Gandikota et al. 2007 ) was PCR amplified and cloned into the pENTR/D-TOPO (Thermo Fisher Scientific) entry vector, and then transferred into the pFAST-G01 destination vector that contains the 35S promoter and NOS terminator (Shimada et al. 2010) . The constructs were introduced into Agrobacterium tumefaciens strain GV3101::pMp90 by electroporation and transformed into Arabidopsis WT by the floral dip procedure (Clough and Bent 1998) . Transgenic plants were selected for kanamycin resistance of seedlings (35S:CO) or GFP fluorescence of seeds (35S:SPL3r) (Nishimura et al. 2003 , Shimada et al. 2010 .
RNA extraction, real-time RT-qPCR and miRNA quantification
Total RNA was extracted using the Plant RNeasy Mini kit (QIAGEN) or miRNeasy Mini kit (QIAGEN) and MaXtract High Density (QIAGEN) according to the manufacturer's protocol. Total RNA was treated with RNase-free DNase I (QIAGEN). For RT-qPCR, 1 mg of total RNA was reverse transcribed in a 20 ml reaction mixture using a Transcriptor First Strand cDNA Synthesis Kit (Roche) according to the manufacturer's protocol. The resultant cDNA solution was diluted 10-fold with water, and 2 ml were analyzed. For RT-qPCR quantification of miR156, 12.5 mM oligo(dT) 18 primer and 0.25 mM miR156-specific stem-loop primer (GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGAC GTGCTC) (Varkonyi-Gasic et al. 2007 , Wahl et al. 2013 ) were used in a 20 ml reaction mixture. RT-qPCR experiments except for miR156 quantification were performed using SYBR Premix ExTaq II (TAKARA) with the CFX96 Real-Time PCR Detection System (Bio-Rad). The following program was used for amplification: pre-denaturation for 30 s at 95 C, followed by 40 cycles of denaturation for 5 s at 95 C, and annealing and elongation for 30 s at 60 C. For the quantification of miR156, SYBR Premix DimerEraser (TAKARA) was used instead of SYBR Premix ExTaq II, and the following program was used: pre-denaturation for 30 s at 95 C, followed by 40 cycles of denaturation for 5 s at 95 C, annealing for 30 s at 57.6 C and elongation for 30 s at 72 C. Expression levels were normalized using ISOPENTENYL PYROPHOSPHATE:DIMETHYLALLYL PYROPHOSPHATE ISOMERASE2 as an internal control gene. Three biological and technical replicates were used for the quantification. Oligonucleotide primers used for RT-qPCR are described in Supplementary Table S1 .
GUS staining
Plants were fixed for 2 min in 90% acetone on ice and washed in phosphatebuffered saline (13.69 mM NaCl, 0.27 mM KCl, 0.81 mM Na 2 HPO 4 , 0.15 mM KH 2 PO 4 ). Fixed samples were transferred to staining solution (0.5 mg ml À1 X-Gluc, 5 mM potassium ferrocyanide, 5 mM potassium ferricyanide and 0.1% TritonX-100 in phosphate-buffered saline) and incubated at 37 C for 4 h in the dark. After staining, samples were treated with 70% ethanol to remove Chls, and observed under a microscope.
Supplementary Data
Supplementary data are available at PCP online. 
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